Introduction
The ecology of marine ecosystems is strongly governed by water clarity (turbidity, or transparency). Reduced water clarity leads to a significant loss in light, affecting photosynthetic organisms such as corals and seagrasses (Anthony and Hoegh-Guldberg, 2003; Collier et al., 2012) . Chronically low water clarity limits the depth distribution of seagrasses and coral reefs to shallow waters, with a daily average of 4e8 mol photons m À2 day À1 (~6e8% of surface irradiance) considered to be a typical minimum light requirement for ecosystem maintenance (Gattuso et al., 2006) . Reduced water clarity is also often related to increasing concentrations of suspended particles and their associated nutrients, which benefit filter-and deposit-feeding animals. In coral reefs, the nutrients associated with reduced water clarity can therefore lead to shifts from corals to macroalgae, and at more severe conditions, macroalgae are replaced by heterotrophic filter feeders (Birkeland, 1988; De'ath and Fabricius, 2010) . Water clarity can even affect coral reef fishes, including their larval settlement, gill structures, and predator-prey interactions (Wenger et al., 2011 Hess et al., 2015) . The main factors causing short-term episodic losses in water clarity in shallow shelf seas are well understood. They include the depth-dependent resuspension of seafloor sediments by waves and tides, and turbid river plumes (Larcombe et al., 1995; Wolanski et al., 2005; Piniak and Storlazzi, 2008; Storlazzi and Jaffe, 2008; Storlazzi et al., 2009) . However, chronic changes in water clarity, and their links to recently-delivered terrigenous sediments and nutrients are less understood. This is especially true in shelf seas, in which vast areas of seafloor are covered by sediments, the majority of which are historic deposits and typically only small proportions are recently imported.
For the Great Barrier Reef (GBR) in north-eastern Australia, the topic of changes in water clarity is the subject of contention (e.g. Orpin and Ridd, 2012; Fabricius et al., 2014; Lewis et al., 2014b) . The GBR is located on a shallow continental shelf, and with an area of 344,000 km 2 is one of the largest World Heritage Areas on Earth.
Understanding what controls water clarity in this huge area is important, as the GBR houses important ecosystems, comprising >3000 individual coral reefs, extensive seagrass meadows and other diverse inter-reefal habitat types. In recent decades, the GBR has received an annual average of~17 million tonnes of terrigenous sediments, 80,000 tonnes of nitrogen, and 16,000 tonnes of phosphorus from its 35 river basins. These nutrient and sediment discharges are~2e8-fold higher than estimated loads pre-dating European settlement in the mid-19th century (Kroon et al., 2012; Waters et al., 2014) . The question as to whether or not these additional river nutrient and sediment loads affect water clarity and ecosystem health is subject to ongoing scientific debate, and is also a significant concern for management agencies. Some researchers have suggested that the effect of newly delivered riverine materials on water clarity is negligible, arguing that the historically deposited sediments on the inshore 'sediment wedge' dominate resuspension regimes (Larcombe et al., 1995; Orpin and Ridd, 2012) . In contrast, other studies have proposed that newly delivered materials are of different composition (e.g., organically enriched) and more readily resuspended compared to historic seafloor sediments (Fabricius et al., 2013 Lewis et al., 2014b; van Maren et al., 2014; Seers and Shears, 2015) . Considerable government investments have been made in order to reduce the high river loads of nutrients and sediments (State of Queensland, (2013) ). If the spatial and/or temporal extent of river effects on water clarity differed among regions and were known, then these investments could be more effectively targeted. If, however, water clarity was not linked to the inputs of newly delivered materials but was rather determined by resuspension of existing sedimentary deposits, then the ecological benefits of such investment may be marginal.
GBR river plumes and resulting water quality conditions are governed by the shallow shelf sea, complex hydrodynamics, and the large spatial scale of the GBR spanning over 12 latitude (Fig. 1) . Rainfall is episodic and highly seasonal, and rivers discharge into the GBR for only a few weeks during the summer wet seasons. River plumes are typically relatively short-lived and are detectable within~20 km of the coast, although large plumes can travel hundreds of kilometres longshore (mostly north) and also offshore, depending on wind and current regimes (Brodie et al., 2010; Alvarez-Romero et al., 2013) . Extended flood plumes are dominated by suspended sediment near the river mouth, by sediment flocs in the mid-section of the plume, and by phytoplankton in their furthest reaches Devlin et al., 2012) . This zonation is due to coarser sediments (>16 mm) settling out near the river mouth , whereas the finer nutrientrich fraction is transported further away by currents until flocculation facilitates its settlement, and phytoplankton successions take some days to develop in response to the river nutrients and improving light.
The settled fine sediments, particularly those in the <16 mm particle size class, are important carriers of particulate nutrients, and in combination with dissolved nutrients they foster the production of particulate organic matter and organic-rich flocs that are easily resuspendible whilst in shallow waters . In addition, certain clay minerals are carried over long distances in the plumes due to properties such as cation exchange capacity, particle size, and charge density (Hillier, 1995; Douglas et al., 2006) , contributing to floc formation . This sediment fraction is easily resuspended due to its low density. Indeed, it is this fine, organic-rich sediment that has a strong influence on light attenuation in the marine environment (Storlazzi et al., 2015) . Repeated iterations of resuspension and deposition gradually shift the newly imported material offshore beyond the depth of resuspension, or into wave-sheltered bays (Orpin et al., 2004; Wolanski et al., 2008; Bainbridge et al., 2012; Lewis et al., 2014b) . Nepheloid flows and tropical cyclones also contribute to the transport of coastal sediments into deeper offshore waters (Wolanski et al., 2003) .
Remote sensing data provide daily estimates of water clarity conditions, and are suitable for the investigation of spatial and temporal variation in marine water clarity. For example, a study based on 8 years of remote sensing data showed that seasonal variability in Secchi depth in Florida's Tampa Bay was mainly due to chlorophyll concentrations controlled by river runoff in the rainy season and sediment resuspension in the dry season (Chen et al., 2007b) . Drivers of turbidity also differed across sub-regions in this bay, being dominated by wind-driven resuspension in the lower reaches, and by river sediments in the upper portion of the Bay (Chen et al., 2007a) . For the Florida Keys, remote sensing data were used to demonstrate how water clarity increases with distance from the shore, from north to south, and changes seasonally due to current reversals driven by shifting prevailing winds . Extreme weather events can also drive variation in water clarity, as documented for Florida (Sheridan et al., 2013) , New Zealand (Seers and Shears, 2015) and the French Bay of Biscay (Petus et al., 2014b) . Remote sensing data are especially useful for assessing changes in water clarity and their drivers, in areas that are as large, complex, and ecologically and economically valuable as the GBR.
In this study we use remote sensing data, collected daily over 11 years, together with daily and annual data on environmental drivers, to investigate (1) long-term trends in daily water clarity, and differences in the strength of association and lag times between daily water clarity and river discharges, in relation to proximity to river and catchment modification across and along the GBR; (2) seasonal trends in daily water clarity, and their relationships to daily river discharges; and (3) rates of change of photic depth between years with high and low river nutrient and sediment loads in the different zones. We determine the areas at greatest risk of loss in water clarity from river discharges, demonstrate for how long how water clarity was diminished throughout the year, and measure the rates of recovery for each of the zones. We present a sequence of advanced statistical methods that was optimised to deal with such large and complex data. Our methodology is based on freely available data and statistical tools, and is transferrable to other parts of the world and other drivers. Its application could lead to a better understanding of processes determining marine water clarity in coastal seas.
Methods

Study region
GBR catchments vary greatly in their level of human use. The remote far northern Cape York has limited agricultural and no urban development, whereas the Wet Tropic and Whitsunday regions have high proportions of land used for fertilised cropping (particularly sugarcane cultivation) (Fig. 1, Supplementary Table S1 ). The Burdekin and Fitzroy regions are large catchments (>30,000 km 2 ) with land use dominated by rangeland cattle grazing, and although fertilised cropping (sugarcane and grains) comprises a small percentage of their total catchment area, cropping lands do occupy large areas in absolute terms. Urban populations are low throughout the GBR Catchment, with the total population being~1 million people. The majority of this population is concentrated in 6 small cities (70,000e200,000 persons) along the >2000 km long coastline (Supplementary Table S1 ) Waters et al., 2014) . To facilitate regional and cross-shelf comparisons, the GBR data were spatially aggregated into seven geographic regions (Fig. 1 , Table 1 ). The northern GBR was subdivided into three long-shore regions, with the 'Cape York' Region extending from 10.5 to14.5 latitude South (the northern edge of the GBR to Lizard Island), and the 'Northern Wet Tropic' and 'Southern Wet Tropic' Regions extending to~17 and~18.3 South, respectively. These delineations best capture differences in geomorphology, rainfall, and agricultural use patterns (Table 1, Supplementary Table S1 ), and population outbreak dynamics of the coral-eating crown-of-thorns starfish . In the central GBR, the boundaries of the Burdekin Region followed the earlier analysis of Fabricius et al. (2014) . The southern GBR was divided into three long-shore regions, as the Broad Sound Region with its high tidal range and distance from major rivers is unrepresentative of the more intensely used and populated Whitsunday and Fitzroy Regions.
To assess how the river effects extended across the continental shelf into offshore waters, each of the seven regions was further subdivided into zones parallel to the coast. Five zones were defined in most regions, based on the percentage of total distance across the continental shelf: Coastal: 0e10%, Inshore: 10e25%, Lagoon: 25e45%, Midshelf: 45e0.65%, and Outershelf: 65e100%. The Fitzroy Region was partitioned by combinations of oceanographic and geomorphological characteristics, to account for geographic complexities around the Capricorn-Bunker and Swain Reefs, and the estuarine Keppel Bay. The cross-shelf zone boundaries of the Broad Sound were chosen to best match those of both the Whitsunday and Fitzroy areas. Regions were categorised into groups of low and high modification (Cape York and Broad Sound, vs. the rest). Zones were also broadly classified as close and far from river influences, depending on the width of the continental shelf, hydrodynamics and river sizes (Supplementary Table S2 ). A more refined grouping was not possible due to the greatly varying river sizes, the large sizes of the zones with one or several rivers entering into each zone, and the complex hydrodynamics in the GBR. 
Remote sensing data
To quantify water clarity from remote sensing data, 1 km 2 Moderate Resolution Imaging Spectroradiometer (MODIS-Aqua) data were processed for 'photic depth' (Z%; unit: m), as an equivalent to Secchi depth Weeks et al., 2012) . This GBR-specific algorithm of photic depth was derived from~5000 comparisons of GBR in situ Secchi depth observations and MODIS and Sea-viewing Wide Field-of-view Sensor (SeaWiFS) observations, following Lee et al. (2007) . Amongst the current algorithms to derive the multispectral diffuse attenuation coefficient (K d ) from satellite data, the quasi-analytical algorithm by Lee et al. (2005 Lee et al. ( , 2007 was found to perform best in coastal and shallow waters such as the GBR and southern Florida , Zhao et al., 2013 . In optically complex waters, such correlation-based algorithms typically provide better results than traditional algorithms based on the diffuse attenuation coefficient of the downwelling spectral irradiance, either at 488 nm wavelength (K d488 ) or of all photosynthetically available radiation (K dPAR ) (IOCCG, 2006; Saulquin et al., 2013) . Spatial masks were used to extract data from the area between the coast and 200 m isobath, and to exclude optically contaminated pixels (reefs and very shallow coastal seafloor). The daily data were processed for all 153,177 grid points from 1st July 2002 to 30 September 2013, pixels with cloud contamination were removed, and data were aggregated into the 35 zones across seven geographic regions ( Fig. 1, Table 1 ).
Wave, wind and tidal data
Short-term fluctuations in water clarity in shallow shelf seas are strongly co-determined by wind waves and the tidal resuspension of seafloor sediments , and hence the effects of these covariates were statistically removed in the analyses for each zone and day (Fig. 2) . To do so, data on wave heights and frequencies were obtained from the Queensland State Government, Department of Environment and Heritage Protection, based on the four coastal wave rider buoys available in the GBR ( Supplementary  Fig. S1 ). Although the data underestimate wave height for the offshore zones, they have high predictive power of differences in photic depth between rough and calm days. For Cape York (latitude 10.5 e14.5 S), no wave data were available. Instead wind data from Lockhart River (12.47 S) were obtained from the Bureau of Meteorology (http://www.bom.gov.au/climate/how/newproducts/ IDCdw.shtml). The hourly wave and wind data were averaged to daily values.
Predicted daily tidal amplitudes were used as a proxy for tidal currents and were estimated from a harmonic tidal clock (xtide; Flatter, 2005) using the 2004-06-14 harmonics parameters (https:// github.com/manimaul/MX-Tides-iOS/blob/master/resources/ harmonics-2004-06-14.tcd). Representative tidal locations were chosen, and the maximum daily tidal amplitude was calculated for each zone and day ( Supplementary Fig. S1 , Table S2 ).
River data
To assess the links of changes in photic depths in the GBR to river discharges, the main influential rivers were identified for each region (Devlin et al., 2015) , based on the prevailing predominantly northerly currents along the shore. The main rivers in the Burdekin, Whitsunday and Fitzroy Regions are relatively unambiguous (Fig. 1 , Table 1 ). The Southern and Northern Wet Tropics have many rivers directly discharging into the regions, and are additionally affected by rivers from further south (Alvarez-Romero et al., 2013) . For the Northern Wet Tropics Region, the total daily discharge values were calculated as the sum of the discharge from the Daintree, Barron, Russell-Mulgrave and Johnstone (North and South) Rivers, plus 30% of the freshwater volumes of the very large but distant (>350 km) Burdekin River as a best approximation of flood dispersal estimates based on hydrodynamic models and remote sensing imagery (Alvarez-Romero et al., 2013; Brinkman et al., 2014) . For the Southern Wet Tropics Region, the total daily discharge values were calculated as the sum of the Russell-Mulgrave, Johnstone, Tully and Herbert Rivers, and 50% of the Burdekin River volumes. For the Broad Sound Region with its high tidal range and the absence of major rivers, only the large Fitzroy River was considered to be of influence. The multiple small streams of the Plane Basin may have additional influence but are not gauged.
River data for all of the northern half of the remote Cape York Region were not available since there are only gauging stations in the small southern Stewart and Endeavour Rivers, and in the large Normanby Rivers since 2005. As an alternative to river discharge data, we used daily rainfall data from the Lockhart River rainfall gauge (Australian Bureau of Meteorology, http://www.bom.gov.au/ oceanography/projects/abslmp/data/index.shtml), which provided daily records throughout the observation period.
Two sets of river data were used (Fig. 2) . The first set constituted of daily data of discharge volumes, measured at gauging stations and provided by the State of Queensland, Department of Natural Resources and Mines. Many gauging stations are located inland from the river mouth and hence under-estimate daily freshwater discharge volumes at the river mouth, but their relative discharge estimates are useful proxies for temporal patterns in river flows. Table 1 The major rivers included in the models for each of the study regions and zones, based on the location of their river mouth, and assuming predominant northerly current direction. Also shown are the estimated cumulative end-of-river estimates of freshwater discharges, and loads of particulate phosphorus (PP) and total suspended sSolids (TSS), summed across the water years 2002e2013 (from Lewis et al., 2014a Flow chart of the individual steps taken in the statistical analyses assessing inter-annual and intra-annual (seasonal) correlations between daily photic depth and daily river discharge volumes (pathway A and B), and of the relationships between annual mean water clarity and annual river nutrient and sediment loads (pathway C). Examples of the raw data are shown in the top panel (grey), of the residual data after adjustment for waves and tides (central panel), and of the final temporally decomposed long-term trends, seasonal variation, and unaccounted variation for both river flows and photic depths (bottom panel).
The second set of river data comprised estimated annual end-ofriver loads of particulate phosphorus (PP), total suspended solids (TSS), particulate nitrogen, dissolved inorganic phosphorus and dissolved inorganic nitrogen. Load data were available only as annual rather than daily estimates, and were obtained from Lewis et al. (2014a) for the main rivers in the Wet Tropics, Burdekin and Mackay-Whitsunday Regions, for the 2001/02 to 2012/13 water years (Table 1) . For the Normanby Basins, loads were reconstructed from the Source Catchments modelling outputs (Waters et al., 2014) and up-scaled to total catchment flow (Lewis et al., 2014a) . For the Fitzroy Basin, loads were compiled from measured data of Packett et al. (2009 ), Joo et al. (2012 , and Turner et al. (2012 Turner et al. ( , 2013 No data exist on the fine sediment component (<16 mm grain size) of river TSS, which is likely the main causative factor for the loss in photic depth Bainbridge et al., 2015) . Due to the highly correlated nature of the available river load estimates, the correlations to the various annual loads (PP, TSS, etc.) gave virtually identical values. As PP is considered the best available proxy for the fine sediment component of the total suspended solids (Bainbridge et al., 2015) , only the relationship of photic depth to PP is shown here.
Statistical methods
The flow chart in Fig. 2 summarises the main steps taken, which largely follow those detailed in Fabricius et al. (2014) . To assess inter-annual and seasonal trends in photic depth, our initial analyses focused on daily data. Identifying trends from raw daily data is difficult, due to (1) the noise in photic depth due to short-term variation in the drivers (wave height, wave frequency, wind speed, tidal amplitudes) leading to sediment resuspension, and (2) potential delays in the response of photic depth to the drivers (waves, wind, tides and river discharges). To investigate the potential for delayed responses in photic depth to the environmental drivers, we calculated weighted and unweighted lags with successively larger temporal shifts for each driver in each zone, and identified the lag that maximised their correlation to photic depth. To statistically remove the effects of the short-term drivers (waves, wind and tides), gradient boosted models were then applied to logtransformed and lagged daily data from each zone (Friedman, 2002) . The back-transformed residuals from these analyses were then used for further analyses.
To extract the inter-annual (2002e2013) and seasonal trends (i.e., intra-annual cycles based on 365.25 day cyclicity) in photic depths and daily river discharges, temporal decomposition was used (Kendall and Stuart, 1983) . This method applies a smooth trend through a time series, decomposing it into its long-term mean trends, seasonal cyclical re-occurring components, and remaining variability. Temporal decomposition was chosen as it does not tend to oversmooth with the same severity as other methods. Since this method cannot incorporate covariates, it was applied to the residuals of the gradient boosted models. Following temporal decomposition, the extracted long-term trends and seasonal cycles were re-centred around the mean observed values for each zone. Correlation analyses were then used to identify the links between detrended daily photic depths and detrended and lagged daily river freshwater discharge volumes. The first set of analyses correlated the long-term detrended (seasonal variation removed) daily values of photic depth with the river discharges ( Fig. 2: Pathway A). The second set of analyses correlated the seasonally detrended (long-term trend removed) daily values of photic depth with the river discharges ( Fig. 2: Pathway B) . To further explore the relationships between the photic depth and river flow time series, covariances were calculated along 100 day running windows of the lagged data. Such covariances quantify associated changes between two time series, and were used to highlight and help understand the links between the trends in river flow and photic depth.
As an independent test of the potential causal relationships between river loads and loss in photic depth, our third set of analyses focused on the annual mean values of photic depth and endof-river load estimates of particulate phosphorus, other nutrients, and total suspended solids ( Fig. 2: Pathway C) . These data were not adjusted for the effects of waves, wind and tides, not lagged and not temporally decomposed. The daily data of photic depth were averaged for each 'water year' (1st October to 30th September, i.e., from the start of the wet season to the end of the dry season). The annual loads of PP, TSS and other nutrients were summed across the rivers within each region (Table 1) . To account for the uncertainty in river load estimates, Ranged Major Axis regression analysis (Legendre and Legendre, 1998 ) was used to assess how annual mean photic depth of each zone changed conditional on changes in the annual nutrients and sediment loads. All statistical analyses were done with the statistical software R 3.2.2 (R Development Core Team, 2015).
Results
Spatial patterns and long-term trends in daily photic depth and river freshwater volumes
Long-term mean values of photic depth strongly differed between regions and zones (Fig. 3, Supplementary Table S2 ). In all regions, mean photic depth increased monotonically from the chronically turbid coastal zones (range: 3.6e4.0 m) to the lagoonal zones. In the three northern regions, mean photic depth continued to increase monotonically to the outershelf zones, whereas in the central and southern regions the differences between lagoonal, mid-and outershelf zones were only minor. Mean photic depths in the outershelf zones ranged from 10.3 m in the Pompey to 14.8 m in the Burdekin Region.
Spatial differences in the long-term mean values of the environmental drivers were strong for tides and river flows, and moderate for waves and wind, reflecting the spatial complexity of the GBR (Supplementary Table S2 ). Mean daily tidal ranges varied up to 3-fold between zones (range: 1.6 m in the Cape York Outershelf, to 4.8 m in the Broad Sound Inshore zone), and river freshwater discharges varied >5-fold between regions. Mean wave height was~40% lower in the northern than in the southern GBR (0.50 m vs. 0.85 m), and mean wind speed increased~40% from north to south (from 16 to 23 km h À1 ).
Temporal dynamics in daily means of wave height (range ¼ 0e3.3 m), wind speed (0e122 m s À1 ) and tidal ranges (0.3e7.1 m) were stronger than spatial differences in long-term mean values. The analyses of the cross-correlational lags showed that lags of 0 days to waves and tides returned the best model fits, i.e., photic depth was affected more or less instantaneously by waves and tides, and responses to these factors lasted only for a few days. For wind in Cape York, a 5-day lag (the mean wind speed of that day and the four previous days) marginally outperformed the other lags. These lags were included into the final model when statistically removing the effects of waves, wind and tides. In contrast, lags between photic depth and the rivers (rainfall for Cape York) were typically much longer, ranging from 0 days in some coastal zones to >180 days in some outershelf zones. These lags were significantly shorter in zones near the rivers vs. away from rivers ( Fig. 4a , Table 2 ), reflective of hydrodynamic dispersal. The lags were only marginally related to the extent of catchment modification from where the rivers discharged (Fig. 4a , Table 2 ).
To quantify the strength of the relationships between photic depth and rivers in the different zones, the daily photic depths data (standardised by the environmental factors and detrended) were related to the daily detrended and lagged river freshwater discharge volumes. The correlations between changes in daily photic depth and river flow were all negative, but the strength of correlations varied widely across zones, ranging from r ¼ À0.18 to À0.80 (Figs. 3 and 4b, Supplementary Table S2 ). Periods of lowest photic depths frequently coincided with the times of highest river flows and vice versa, with times of change often coinciding between both data sets (Fig. 5) . The correlations were strongest (r À0.75) in zones close to river influences (e.g., the Whitsunday Coastal and Inshore zones, and the Southern and Northern Wet Tropic zones), and weakest in the zones away from river influences modification (Fig. 4b, Table 2 ). The correlations were also stronger in regions with highly modified catchments compared to those with low levels of catchment modification (Fig. 4b, Table 2 ).
There were substantial differences in the long-term trends of photic depth between the regions and zones. In the three northern regions, periods of steep declines in photic depth alternated with periods of steep recovery, without consistent long-term trends, and there was no obvious classification into wetter and drier periods (Fig. 5, Supplementary Figs. S2, S3 ). Patterns were particularly pronounced in the Northern and Southern Wet Tropics. Here, the correlation coefficients between photic depth and river flows ranged from r ¼ À0.63 to À0.80, except for their chronically turbid coastal zones where values were lower (r ¼ À0.45 and À0.50) (Figs. 3 and 5) . Changes between the maximum and minimum detrended photic depths were typically~30%, while detrended river flows varied 7-fold. In these regions, models with no or very short time lags between river flows and photic depth yielded the best model fits (Supplementary Fig. S2 ), reflecting the narrowness of the continental shelf. 'Spikes' in the covariance between photic depth and discharges were consistently negative, suggesting some rapid impacts yet slow recoveries across the shelf (Fig. 5 ). There were no lasting signals from the severe Tropical Cyclones Larry (in 2006) and Yasi (2011); the latter possibly masked by the extreme river discharges in this very wet year (Fig. 5) .
The remote and sparsely populated Cape York with its minor catchment modifications showed the smallest long-term variation in photic depths (<12%), although river flows varied >12-fold between years (1.3e16.7 Â 10 6 ML yr À1 ). For example, the variation in photic depth between years was <1.5 m in Cape York vs.~2.5 m in the Wet Tropics for Lagoon to Outershelf zones, and <0.5 m vs. 1e1.5 m for the Inshore zones. The variations were similar in both regions (~0.5 m) only in the coastal zones. In Cape York, the correlations between photic depth and river flows did not decay systematically across the shelf, and most lags were uninformative, i.e., low photic depth preceded high river flows ( Supplementary  Fig. S2 ). In that region, both negative and some positive spikes occurred across the shelf, indicating some sudden declines and relatively rapid recoveries in photic depth. In the central region and the three southern regions, a period of relative dry years (2002e2006) was followed by periods with high river flows (2007e2013). Many of their inner zones displayed substantial and consistent downward trends in photic depth throughout the 11-year observation period; such downward trends were not apparent in their outer zones or in the northern regions (Fig. 5, Supplementary Figs. S2, S3 ). In the Burdekin Region, the difference between minimum and maximum detrended photic Correlation coefficients, r, between daily photic depth (seasonally detrended, and adjustment for waves and tides) and daily river freshwater discharge volumes. The main rivers are mapped as blue lines. For the northern-most region (Cape York) where few river data were available, rainfall data were used as proxy for river discharges. depth was 20e30%, while detrended river flow varied up to 20efold between years. Negative spikes were pronounced in all zones except the Outershelf, indicating rapid changes in photic depth with changing river flows. The 11 years of data from the Burdekin Region exhibited stronger correlations between river flows and photic depth (r ¼ À0.51 to À0.65; Supplementary Fig. S2 , Table S2 ) than previously shown for a 10-year data set , especially for the Mid-and Outershelf zones.
In all southern regions, correlations between river flows and daily photic depth weakened systematically from the inner zones (r ¼ À0.61 to À0.79) to the outershelf (r ¼ À0.18 to À0.27), likely reflecting the width of the continental shelf (Fig. 3, Supplementary  Fig. S3 , Table S2 ). Importantly, photic depth declined consistently throughout the 11-year observation period in most southern inner zones, but not offshore (Fig. 5, Supplementary Fig. S3 ). The Whitsunday inner zones had the highest correlations of all southern zones, and lags were short, yet they did not show substantial spike. In the Fitzroy Region, the correlations deteriorated from r ¼ À0.74 in the Coastal zone to r ¼ À0.20 offshore. Inshore, lags were 13 days, and rapid losses in photic depth were linked to rapid increases in river flows. Correlations in the Broad Sound inner zones were also surprisingly high, despite their distance from the Fitzroy River and the high tidal ranges, however the lags to that river were 36e44 days, and spikes were weak. In the outer zones, photic depth showed one large drop that coincided with massive resuspension events caused by Tropical Cyclone Hamish in 2009 (Fig. 5) . This drop was less, yet still detectable, in the midshelf and lagoon zones of this region.
Seasonal variation in daily photic depth and river freshwater volumes
In many inner zones, photic depth was reduced for many months after rivers started flowing (Fig. 6, Table 3 ). This was shown by the analyses of seasonal variations in daily photic depth and river flows, after removal of the effects of the environmental drivers and the long-term trends. Averaged across years, rivers started flowing in December/January, peaked in March, declined throughout April, and then remained low for the rest of the year. Synchronously, photic depth declined steeply in most zones from December or January onwards, and reached their seasonal minima in March to May. From then on it increased near-monotonically over a period of four to eight months, and typically returned to 95% of its seasonal maxima in August to December (Table 3 , Supplementary Fig. S4 , Table S3 ). For example, Fig. 6 shows the seasonal changes in photic depth and river flows for the Inshore and Midshelf zones in the Northern Wet Tropic Region. Both traces show pronounced cyclicity, with photic depths progressively declining from the time when the river flows started in December to January, reaching lowest values in approximately May when river flows subsided, and recovering from there on. Recovery to 95% of maximum values took until late September on the Midshelf, and until mid-December Inshore (Fig. 6) .
Differences in the extent of seasonal decline in photic depth between regions and zones were suggestive of differences in the relative strength and duration of the river effects. Across the whole GBR, the seasonal decline in photic depth between dry season maxima and wet season minima averaged 47.3% (range: 26%e64%). In all regions, seasonal declines were greater in the inner compared to the outer zones (Table 3, Supplementary Fig. S4 , Table S3 ). Across Table S2) , on (a) optimum correlational lags between daily photic depth and river discharge data, and (b), correlation coefficients, r, between daily photic depth versus daily river discharge volumes (after temporal decomposition, i.e., the removal of seasonal trends). Black symbols represent group means, open symbols represent the individual zones, error bars show 1 standard error.
Table 2
Effects of catchment modification (low versus high) and distance to river mouths (close versus far) on (a) the time lags that optimised the correlations between daily photic depth and daily river discharge volumes, and (b) the correlation coefficients, r, between these two measures (Fig. 4, Supplementary Figs regions, the decline was smallest in the Cape York Region (39%, i.e., 3.7 m difference between the seasonal maxima and minima), and greatest in the two Wet Tropic Regions (50%, 6.1 m). Remarkably, in the two Wet Tropic Regions, even the Mid-and Outershelf zones showed a >40% seasonal decline in photic depth, as large as in some inner zones elsewhere (Table 3) . The rates of recovery to 95% of seasonal maxima provided important information about spatial differences in the persistence of the river effects. In all zones, photic depth remained low for several months after river flows subsided (Table 3 , Supplementary  Fig. S4 ). The number of days between the seasonal minima in photic depth to 95% recovery varied >2-fold between zones (114e268 days), and averaged 179 days, i.e., 6 months, across the whole GBR (Table 3 , Supplementary Fig. S5 ). Typically, recovery took >200 days in the Coastal and Inshore zones, with the exception of the Fitzroy Region where recovery was faster. Further offshore, recovery often took place in <180 days.
The difference between dry and wet years in the seasonal declines in photic depth and in their rates of recovery also added evidence about the potential role of the rivers in affecting photic depth. In all coastal, inshore, and lagoonal zones of the central and southern regions, seasonal changes in mean photic depth were greater in the wet compared to the dry years (Table 3 , Supplementary Fig. S4, S5) . Recovery was 10 to >100 days slower in the wet years compared to the dry years (Table 3, Supplementary  Table S3 ).
Annual mean photic depth and annual river loads
Annual mean photic depth declined with increasing annual river loads of PP in all regions and zones, but declines were particularly pronounced in the inner zones of the most heavily used catchments (Table 3, Supplementary Fig. S5 , Table S4 ). These inner zones (e.g., in the Whitsundays and Fitzroy regions) had >30% lower annual mean photic depth in the years with highest vs. lowest PP discharges. In the Northern and Southern Wet Tropics, photic depth was significantly related to river loads all the way across the shelf from the Coastal to the Outershelf zones (r ¼ À0.65 to À0.87; Fig. 7 , Table 3, Supplementary Table S4 ). In all zones of these two regions, the annual mean photic depth was 14%e27% lower in the year with highest vs. lowest river loads, even including their Mid-and Outershelf zones. Such pronounced differences in photic depth between years with low and high river loads not only reflected the strength of the river effects, but also demonstrated a substantial capacity for recovery of photic depth across years. The relationships between annual mean photic depth and the loads of the other nutrients and TSS (not shown) were almost identical to that of PP. (2002e2013) . The blue lines represent the long-term trends in the daily data of river flow, after temporal decomposition (TD, removal of seasonal trends). The red lines represent the long-term trends in the daily data of photic depth, after temporal decomposition and adjustment for waves and tides. The r values indicate the strength of the correlations between the two data sets. Black dashed lines represent running covariances between photic depth and discharge/rainfall, highlighting moments (as spikes) when both trends show rapid shifts (negative spikes: changes are in opposite direction, e.g. rapid increase in discharge and decline photic depth; positive spikes: changes are in the same direction). The plots for the other regions are shown in Supplementary Figs. S2 and S3.
Discussion
Environmental drivers and recovery dynamics of water clarity in shelf seas
This study presents a conceptual and statistical methodology to examine the influence of environmental drivers on marine water clarity. The use of remote sensing data was effective for determining the drivers of GBR water clarity, and particularly suited given the large size and geographic and hydrodynamic complexity of this region. Averaged across the whole GBR, photic depth declined by almost half in response to river discharges, and recovery to 95% of previous maximum values took on average six months. The detection of these changes in these data required controlling for waves and tides, and the separation of long-term trends and seasonal variations. Our analyses showed that reductions in river sediment and nutrient loads will likely result in measurably improved water clarity across much of the GBR on time scale of years rather than decades. The methodology may similarly be used to quantify relationships between water clarity and other natural or anthropogenic drivers such as dredging, storms, ocean circulation patterns, or upwelling. The highly variable and seasonal nature of GBR river flows likely enhanced the detectability of temporal patterns in water clarity, while less variable discharges would likely have caused stronger spatial patterns.
River freshwater volumes and PP load data were used as proxies for the materials that actually cause the loss in photic depth. The annual estimates of the different forms of nutrients, sediments and freshwater were highly correlated within each catchment (Lewis et al., 2014a) . For this reason, their individual contributions to the loss in photic depth could not be resolved, and this should be the subject of further study. However, nutrient and sediment loads varied greatly between rivers (Lewis et al., 2014a) . The observed losses in water clarity were greatest in the regions with highest river nutrient and sediment loads and intense agricultural land use, namely the Wet Tropic, Whitsunday, Burdekin, and Fitzroy regions (Supplementary Table S1 ; Kroon et al., 2012; Lewis et al., 2014a) . Losses in water clarity were comparatively small in the remote Cape York Region and all offshore zones. Similarly, correlations between river flows and photic depth were strongest in the zones near rivers discharging from modified catchments, where increases in river loads above natural background levels are the greatest (Kroon et al., 2012; Waters et al., 2014) . This suggests that fine sediment and nutrient loads are responsible for altered water clarity, and not the freshwater discharges.
Several physical and biological pathways can explain the slow recovery of water clarity in the GBR. First, cycles of resuspension gradually shift the newly imported particulate materials into northfacing bays or deeper waters beyond the reach of storm waves, progressively increasing the amounts of wave and tidal energies required for resuspension (Orpin et al., 2004; Wolanski et al., 2008; Bainbridge et al., 2012; Lewis et al., 2014b) . Second, wave action contributes to the compaction and embedding of the newly imported fine materials into existing sea floor sediments, thereby gradually hampering resuspension (Lambrechts et al., 2010) . Third, organic flocs are formed as a result of interactions of nutrients with fine sediments, and these flocs initially facilitate resuspension, but eventually break down over time . Fourth, the gradual depletion of the newly imported nutrients and trace elements leads to a decline in plankton biomass, thereby improving photic depth. Phytoplankton biomass (measured as chlorophyll a) declines away from the coast and in winter (Brodie et al., 2007) , hence matching the observed changes in photic depth. While phytoplankton contributes far less to declining water clarity in shallow GBR waters than fine sediments, organic flocs, and detritus, its relative contribution can be more significant further offshore Macdonald et al., 2013) .
In the shallow coastal zones, the relationship between runoff and water clarity was weaker and recovery was slower than in the inshore and lagoonal zones. Thick and predominantly terrigenous sediment wedges are known to cover the seafloor near the river mouths, indicating long-term accumulation of the newly imported fine sediments (Belperio, 1983; Lambrechts et al., 2010) . Here, water clarity is chronically lower near than further away from rivers (Fabricius et al., 2013) . This indicates that in coastal zones only a proportion of the newly imported resuspendible sediments is being winnowed out each year. Nevertheless, our data show that newly imported materials further reduced coastal water clarity, and that the reductions were greatest in the years with the largest river loads.
Consequences for ecosystem health and management implications
Prolonged exposure to low photic depth and associated nutrients are known to cause significant water quality related changes in GBR ecosystems. Increased macroalgal cover and bioeroder densities, and reduced coral biodiversity are all strongly related to long-term reductions in water clarity (e.g. De'ath and Fabricius, 2010; Fabricius et al., 2012; Brodie and Waterhouse, 2012) . For this reason, water quality guidelines for the GBR are based on annual mean values in water clarity rather than their extreme values (Great Barrier Reef Marine Park Authority, 2009; De'ath and Fabricius, 2010) . In other regions such as Hawaii, slow-moving and reworked flood deposits are also assumed to affect benthic communities more than the flood plumes (Storlazzi and Jaffe, 2008) . Long-term exposure to low water clarity is often considered even Table 3 Seasonal and annual dynamics in values of standardised photic depth for the whole Great Barrier Reef (GBR), and mean values for the 35 zones in the seven regions. (a) Seasonal dynamics: Tabulated are: Seasonal maximum photic depth (PD): the maximum smoothed and standardised photic depth within an annual cycle (Fig. 6,  Supplementary Fig S4) ; Seasonal decline PD: decline between seasonal maximum and minimum photic depth (absolute: in m, and as % of maximum); Seasonal minimum PD Date: date within a year cycle corresponding to the minimum standardised photic depth; Recovery95%: mean number of days between the seasonal minimum PD and the next recovery to 95% of seasonal maximum PD. Seasonal data are estimated separately for dry years (2002e2006) and wet years (2007e2013) in the southern regions. (b) Decline in observed annual mean photic depth (percent, in brackets: lower and upper 95% confidence intervals) between years with maximum vs minimum annual river loads of particulate phosphorus (Fig. 7, Supplementary Fig S6) . Confidence interval ranges that do not include zero signify significant differences (P < 0.05; in bold). Fig. 7 . Relationships between annual mean photic depth and annual river loads of particulate phosphorus in the Northern and Southern Wet Tropical Regions of the GBR (dashed lines: 95% confidence intervals). Note the different scales on both x and y axes. Regression parameters are listed in Supplementary Table S4 , plots of other regions are shown in Supplementary Fig. S5 . more influential than the exposure to river plumes (after their salinity has returned to non-stressful levels). Plume sediment, nutrient and pesticide concentrations, and their exposure periods, are typically significantly lower than those that are considered lethal for benthic marine organisms, and resuspension events during storms can lead to higher exposures than those caused by river plumes (Orpin and Ridd, 2012) . However, there are examples of additional acute impacts from river plumes, not only through salinity stress. Extensive losses of seagrass meadows in the central GBR in the period 2007e2011 are an example of a relatively acute response to loss of light from decreased water clarity following large Burdekin floods (Petus et al., 2014a) . Some macroalgae can also benefit from short-term exposure to dissolved inorganic nutrients, by storing the nutrients in their tissues and thereby promoting growth for the remaining growing season (Schaffelke, 1999) . On the GBR, water clarity is typically highly correlated to the concentrations of chlorophyll, suspended solids, and all forms of particulate nutrients . This correlation suggests another link to ecosystem health. GBR phytoplankton concentrations increase significantly after river floods . There is strong evidence for a causative link between higher eukaryotic phytoplankton biomass, higher survival of the larvae of the coral eating starfish Acanthaster planci, and subsequent starfish population outbreaks (Brodie et al., 2005; Fabricius et al., 2010) . All observed outbreaks originated on mid-shelf reefs within the Northern Wet Tropics Mid-and Outershelf zones, following the largest Burdekin and Wet Tropics river floods on record and coinciding with periods of high reef connectivity (Wooldridge and Brodie, 2015) . More work is needed to reliably quantify chlorophyll concentrations from remote sensing data in the optically complex waters of the GBR. Nevertheless, our analyses show for the first time that water clarity in this high-risk region is strongly determined by river nutrient loads, more so than that in other mid-and outershelf zones. These analyses add further evidence to the conclusion that significant reductions in river loads in the Wet Tropic and Burdekin through improved land management may help to reduce the risk of further A. planci related coral losses.
Our analyses showed not only large magnitudes and durations of losses in GBR water clarity in response to terrestrial runoff, but also some significant regional differences and long-term trends. The identification of the Wet Tropic as the GBR region that is most severely affected by rivers suggests a potential for management prioritisation of the rivers that had the greatest influence on its water clarity. The study also showed a trend of declining photic depth throughout the 11-year observation period in the central and southern inshore zones, partly due to a combination of high discharges from 2006 to 2011, and incomplete recovery in the years since 2011. The analyses show that reductions in river loads will directly contribute to improving GBR water clarity at managementrelevant time scales.
Causal links between land condition, land management and river sediment and nutrient loads have been clearly established (e.g. Kuhnert et al., 2012; Waterhouse et al., 2012; Wilkinson et al., 2013; Bartley et al., 2014 , Waters et al., 2014 . Coinciding with the expanding agricultural development of the GBR catchments, river sediment and nutrient supplies to the GBR have markedly increased since European settlement (McCulloch et al., 2003; Kroon et al., 2012; Waters et al., 2014) . Furthermore, river discharge volumes have also increased after about 1860 due to soil compaction from cattle grazing, and reduced ENSO variance (Lough et al., 2015) . Thus, soil and nutrient losses, and river discharge volumes, have been both high in recent decades, with both factors contributing to sediment and nutrient loads. Predicted intensification of rainfall variability due to increasing greenhouse gas concentrations will create further challenges for the retention of nutrients and soils on agricultural lands. This increases the urgency for the wide-spread implementation of more sustainable farming practices, which would likely lead to substantial ecosystem health benefits for the GBR.
